cipitation. However, there is little research on how to change parameter values for stochastic weather generators based on observed weather data from regions where precipitation is known to have significantly changed (Zhang and Garbrecht, 2003; Yu, 2005) .
It is well documented that rainfall in a 30-year period since the late 1940s was significantly higher than the preceding three decades in southeastern Australia (Cornish, 1977; Pittock, 1983; Yu and Neil, 1991; Nicholls and Kariko, 1993) . These changes were used to indicate how rainfall might change in a CO 2 -warmed world (Pittock, 1983; Yu and Neil, 1991) . Research by Zhang and Garbrecht (2003) showed the CLIGEN-generated durations were generally too long for small storms and too short for large storms. Yu (2005) reported how to adjust values of CLIGEN parameters to generate storm patterns that varied between wetter and drier period for a single site (Sydney) in the region. The current study extends the work of Yu (2005) to focus on daily rainfall for the entire region of southeastern Australia, where rainfall has significantly increased. This research also attempts to extend the study period by another three decades, up until the end of 2008.
While it is well known that rainfall increased widely in southeastern Australia for the three decades since the late 1940s (Cornish, 1977; Pittock, 1983; Yu and Neil, 1991; Nicholls and Kariko, 1993) , in many cases in the region, it is not yet well established that rainfall since the late 1970s has significantly decreased. This significant and contrasting change in rainfall in southeastern Australia not only raises questions about the intrinsic relationship between climate change and statistically significant rainfall change but also about the operational issue of using weather generators to capture significant rainfall change and variability on the time scales of regional climatology, i.e., 30-year periods.
The objectives of this article are: S To identify and quantify significant changes in rainfall in southeastern Australian for the 90-year period . S To contrast the CLIGEN parameter values between drier and wet periods. S To determine how CLIGEN parameter values could be changed to represent historical trends and patterns in rainfall in this and similar regions of the world.
DATA AND METHODOLOGY STATION SELECTION
At the time of this study, more than 4,800 stations were available for use from the database of the National Climate Centre of the Bureau of Meteorology (BoM). The stations are located in New South Wales and Australian Capital Territory. The spatial extent of this study is defined by 147° 31′ E to 153° 30′ E and from 28° 53′ S to 37° 30′ S. The region has a temperate climate with essentially uniform rainfall throughout the year (BoM, 1989) .
To identify the rainfall trends in southeastern Australia, weather stations were selected for three non-overlapping 30-year periods (1919-1948, 1949-1978, and 1979-2008) . The year 1949 was reported to be the first year when significant rainfall increase occurred in this region (Yu, 1995 (Yu, , 2005 .
In an initial attempt, 41 stations were selected based on their geographical locations. Thirty high-quality stations were finalized for this analysis in consultation of the list of high-quality rainfall stations in Australia (Lavery et al., 1992 (Lavery et al., , 1997 based on the length and quality of the recorded rainfall data. Table 1 shows the station number, location, total number of years of rainfall record, and mean annual rainfall for the three 30-year periods for the 30 stations in southeastern Australia. Spatial distribution of the 30 sites is shown in figure 1 .
Daily rainfall data for the 90-year period from 1919 to 2008 were extracted from the national climate database using software known as MetAccess. Daily data was then aggregated into monthly and annual totals for further analysis and for calculating CLIGEN input parameter values.
METHODOLOGY
To meet the objectives of this study, three non-overlapping periods were selected for comparison purposes. The selected stations were checked to identify the maximum change in annual rainfall between the first two 30-year periods. The periods from 1919 to 1948 and from 1949 to 1978 led to greater contrast in terms of mean annual rainfall for most of the 30 stations in southeastern Australia, a pattern that is consistent with previous observations (Yu, 1995 (Yu, , 2005 .
The annual rainfall totals were tested for significant differences in the mean between the first and second periods, and between the second and third periods. A standard t-test for two samples with equal variance was used for the contrasting periods and for all 30 sites. To qualify the level of significance using the t-test, the classification shown in table 2 was adopted based on the p-value of the one-tail t-test.
In this article, period 1 is defined as the 30-year period from 1919-1948, period 2 is from 1949-1978, and period 3 is from 1979-2008. Spring is defined to include September, October, and November; summer includes December, January and February; autumn includes March, April, and May; and winter includes June, July and August. Summer-half is defined to include the spring and summer months, and winter-half includes the autumn and winter months.
To generate daily rainfall amounts, CLIGEN requires the following input parameter values for each month of the year:
S Average daily precipitation on wet days (P w ) S Standard deviation of daily precipitation (S d ) S Coefficient of skewness of daily precipitation (S k ) S The probability of a wet day following a wet day S The probability of a wet day following a dry day. Calculation of basic statistics of daily rainfall is straightforward. Chapter 2 of the WEPP User Manual (Nicks et al. 1995) is the original reference on CLIGEN. In addition, Yu (2005) provided comprehensive definitions and methods to calculate the probability of a wet day following a wet day and the probability of a wet day following a dry day for each month. In that definition, N dd is the total number of dry days in the month following a dry day, N wd is the total number of dry days in the month following a wet day, N ww is the total number of wet days in the month following a wet day, and N dw is the total number of wet days in the month following a dry day. By this classification, all possible combinations are included. Therefore, the probability of a wet day following a wet day and the probability of a wet day following a dry day for each month can be calculated from: 
Mean monthly rainfall is the product of the mean wet day rainfall (P w ) and the number of wet days for the month (N w ). The mean wet day rainfall is one of the input parameters for CLIGEN, the average number of wet days is related to the transition probabilities:
where N d is the number of days in the month. Therefore, changes in rainfall amount can be effected through changes to wet-day rainfall, or transition probabilities, or both. Alternatively, rainfall total can be regarded as the product of the number of rainfall events and the average event rainfall. An event is defined in this article as a period of consecutive wet days. Rainfall events are separated by at least one dry day. The average event rainfall in terms of CLIGEN parameters is given by:
Rainfall changes can be a result of changes to event rainfall amount, or the number of rainfall events, or both. In either case, the CLIGEN parameters provide a rich framework for examining the changes to rainfall attributes, e.g., the amount, duration, and frequency of occurrence in relation to changes to rainfall totals.
Changes to CLIGEN parameter values are related to the underlying changes to mean monthly rainfall for the 30 stations in southeastern Australia. This allows adjustment to CLIGEN parameter values to represent historical changes in rainfall in southeastern Australia, and to determine how CLI-GEN parameter values could be changed to simulate climate change scenarios in this and similar regions in the world.
To test this adjustment method, changes in mean monthly rainfall between period 1 and regression equations for changes in CLI-GEN parameter values were used to adjust CLIGEN input parameter values for period 1 to derive parameter values for period 2. The calculated and the adjusted parameter values were then used to simulate the climate for periods 1 and 2, respectively, with CLIGEN. The simulated rainfall changes between periods 1 and 2 were then compared with the changes based on observed rainfall changes as well as changes in simulated rainfall with CLIGEN and calculated parameter values using historical rainfall data for the two periods separately. All the simulated climates were based on CLIGEN runs of 100 years in duration with disparate random seeds for each. than in period 1 . Conversely, the last period had lower mean annual rainfall in comparison to that in the second period for all the stations tested. As an example, figure 2 shows the time series of annual rainfall at Bogan Gate Post Office. It is clear from the diagram that rainfall at the site experienced a dramatic increase from the first to the second 30-year period (452 to 581Ămm year -1 ). This period of increased rainfall is followed by an equally dramatic decrease during the last 30 years, with mean annual rainfall reduced to 462 mm year -1 for 1979-2008, a level that is very similar to that for the first 30 years .
Comparing rainfall for period 1 (1918-1948) and periodĂ2 (1949-1978) shows that 67% of the stations (20 out of 30) recorded a highly significant increase in mean annual rainfall. Seven of the 30 stations showed a significant increase, and two showed marginal increases. Increase in rainfall is not statistically significant for just one of the 30 stations (Clarence Town) (figs. 3 and 4).
In contrast, all the stations showed a lower mean annual rainfall for period 3 in comparison to period 2. Nine of the 30Ăstations showed highly significant decrease in mean annual rainfall. The other 21 stations are evenly classified into the three other categories.
The largest increase during periods 1 and 2 occurred at the Cataract Dam station, showing a 31% increase in mean annual rainfall (an average of 903 mm for 1919-1948 and an average of 1316 mm for . The smallest increase for the same contrasting periods was a 7% increase at mean annual rainfall at Clarence Town. For the second pair of contrasting periods (1949-1978 vs. 1979-2008) , Bettowynd (Condry) showed the highest decrease in mean annual rainfall (38%) of the 30 stations examined. The lowest decrease of 2% in mean annual rainfall occurred at Mogil Mogil (Benimora). Figure 5 shows a comparison of mean annual rainfall between the contrasting periods. It is clear that rainfall was consistently higher in period 2 than in both the preceding and ensuing 30-year periods. A simple regression between mean annual rainfall for the contrasting periods shows that mean annual rainfall on average increased by 14% between period 1 and period 2 (1949-1978) and subsequently decreased by 19% between period 2 and period 3 (1979-2008) . Table 3 shows changes to seasonal rainfall between periods 1 and 2 and between periods 2 and 3. This is a summary of the sites with different degrees of statistical significance with respect to the changes in annual and seasonal rainfall in southeastern Australia (table 3) . For most seasons, and for a majority of the sites tested, seasonal rainfall followed the same pattern as annual rainfall, with a significant increase in period 2, followed by a decrease in rainfall for the last 30Ăyears (tables 3 and 4). For some sites in southeastern Australia, the seasonal rainfall does not follow the increasing and decreasing pattern for annual rainfall, especially for autumn and winter (tables 3 and 4).
SEASONAL RAINFALL
Overall, it is clear from table 3 that rainfall increased between periods 1 and 2 and decreased between periods 2 and 3. The increase between periods 1 and 2 was more dramatic and more consistent among the 30 sites tested than the decrease between periods 2 and 3. The increase followed by decrease is most consistent for summer rainfall and least consistent for autumn and winter rainfall. In fact, winter rainfall experienced no significant increase between periods 1 and 2 and no significant decrease between periods 2 and 3 for most of sites tested in southeastern Australia.
CLIGEN PARAMETER VALUES
Unlike the mean annual rainfall, the mean daily rainfall for each month does not follow a clear pattern. Daily rainfall at some of the sites for some of the months increased, and for others it decreased. The most dramatic increase in mean daily rainfall occurred at Cataract Dam, with a 54.9% increase in March (from 1919 March (from -1948 March (from to 1949 March (from -1978 , and the largest de- Table 3 . Variations in rainfall and statistical level of significance: HS = highly significant, S = significant, MS = marginally significant, NS = not significant, up arrow (°) = increase, and down arrow (±) = decrease. 1919-1948 to 1949-1978 1949-1978 to 1979-2008 1949-1978 to 1979-2008) .
Station
To determine how CLIGEN parameter values could be changed to represent historical trends and patterns in rainfall, the ratios for five major CLIGEN parameter values between the three contrasting periods for all stations were calculated. These ratios were then related to the ratios for the mean monthly rainfall for the same contrasting periods.
Figures 6 to 10 show the changes in terms of the ratio of parameter values for the mean, standard deviation, skewness, probabilities of a wet day following a wet day, probabilities of a wet day following a dry day, and number of wet days for all stations in comparison of the ratio of monthly rainfall for the contrasting periods. Figures 6, 7 , and 10 and table 5 show that there are significant positive correlations between changes in mean monthly rainfall and changes in mean daily rainfall, standard deviations of mean daily rainfall, and the probability of wet following dry days. As indicated in tableĂ5 and figures 8 and 9, there are no strong correlation between changes in mean monthly rainfall and those in skewness and wet-following-wet probabilities. Table 5 presents the R 2 values of the linear trend line correlation coefficient squared between the changes in mean monthly rainfall and the changes in the five major CLIGEN parameter values. Linear correlation coefficients show that changes in monthly rainfall are closely related changes in mean daily rainfall, the standard deviation of daily rainfall, and the transition probability for wet following dry days. On the other hand, the relationship between changes in rainfall and changes in the skewness coefficient for daily rainfall and wet-following-wet probabilities is insignificant. To adjust the model parameter values to simulate changes in rainfall, the latter two parameters can remain unchanged based on the data for the 30 sites tested. As mean monthly rainfall is not an input parameter for CLIGEN, some or all the five major parameters for CLIGEN need to be changed to achieve the required change in rainfall. Of the five parameters, table 5 shows that there is hardly any correlation between changes in rainfall and changes in skewness and wet-to-wet transition probabilities. Table 6 presents the linear regression equations that can be used to adjust the Table 6 . Linear regression equations to predict, from changes in mean monthly rainfall, changes in CLIGEN parameter values of mean daily rainfall, daily standard deviation, and probability of a wet day following a dry day: x = change in monthly rainfall as ratios, and y = changes in model parameter values as ratios (see figures 6, 7, and 10).
Parameter Equation 1919-1948 and 1949-1978 CLIGEN parameters based on the changes in rainfall that need to be simulated. It is clear that the regression equations are quite similar whether we consider rainfall increase (1919-1948 vs. 1949-1978) or rainfall decrease . A set of regression equations was derived using the combined data set of data on changes in monthly rainfall and changes on CLIGEN parameters (table 6 ). These equations are recommended for use when mean monthly rainfall can vary by a factor of 2.5.
To test the adjustment method, the combined equations from table 6 were used to adjust the CLIGEN parameter values for period 1 to estimate the parameter values for periodĂ2. These adjusted parameter values were used to simulate 100-year climate sequences for the 30 sites with CLIGEN. Calculated parameter values using historical data for periodĂ2 were also used to simulate 100-year climate sequences for the same 30 sites in southeastern Australia. CLIGENgenerated rainfall changes using adjusted and calculated parameter values were compared with the observed changes between period 1 and 2. The average of the mean annual rainfall for the 30 sites was 716 mm for period 1 and 875 mm for period 2, with an increase of 22%. The average of the mean annual rainfall using calculated parameter values for periodĂ2 was 859 mm for the 30 sites, a difference of -1.8% of the observed average for the 30 sites. Using the parameter values for period 1 adjusted for changes in mean monthly rainfall between the two periods led to an average of 890 mm for the 30Ăsites, a difference of +1.7% of the observed average for the 30 sites. The difference between calculated and adjusted parameter values was 31 mm in terms of the mean annual rainfall on average, or 3.5% of the observed average for the region. Using paired two-sample t-tests for the differences in means shows that there is no statistically significant difference in terms of the mean annual rainfall for the 30 sites among the three data sets, namely, historical observations and simulated climate with calculated and adjusted parameter values. Figure 11 shows a comparison in the mean annual rainfall between the two contrasting periods. It can seen from figure 11 that mean annual rainfall is consistently higher for period 2 than for period 1 based on historical observations, and using calculated and adjusted parameter values for CLI-GEN. It is worth noting that the error bars are generally larger than those for simulated mean annual rainfall because of the difference in record length.
DISCUSSION AND CONCLUSION
Climate change is complex and can have considerable impact on bio-physical systems and human society. To evaluate the impact of climate change, stochastic weather generators are often used to produce daily weather sequences based on broad-scale changes predicted by global climate models. CLIGEN is one such weather generator that has been used for impact analysis. Unlike other weather generators, CLIGEN produces variables describing storm patterns, including time to peak, peak intensity, and storm duration, in addition to rainfall amount and other daily weather variables. While various methods have been proposed to adjust CLIGEN parameter values to simulate climate change scenarios, there is little research on how CLIGEN parameter values could be adjusted to simulate climate change, whereas previous studies have used simplistic approaches, e.g., changing the average rainfall on wet days by a percentage or multiplying the CLIGEN-generated daily rainfall by a fixed factor.
Rainfall in southeastern Australia is highly variable in time. Instrumental records from the region show significant variability and change on the time scale of climatology, i.e.,Ă30 years. These secular changes have been previously used to indicate the likely rainfall change to represent humaninduced climate change scenarios. Equally, significant change in historical rainfall can be used to guide and determine how parameter values can be adjusted to simulate climate change using stochastic weather generators.
This article shows that rainfall data for the period from 1919 to 1978 would suggest an increase in rainfall in southeastern Australia. However, from the perspective of the period from 1949 to 2008, the conclusion of decreasing rainfall would be reached. Both of these 60-year periods broadly coincide with an underlying trend of increased temperature in Australia and globally (Plummer et al., 1995; IPCC, 2001) . Rainfall data from these 30 sites in southeastern Australia shows that we should not draw any conclusions about the relationship between trends in atmospheric concentration of greenhouse gases and temperature with regional rainfall. Rainfall could be just as likely to increase as to decrease sig-nificantly on the time scale of regional climatology (30 years) in southeastern Australia.
Nonetheless, southeastern Australia provides a rich setting to examine how CLIGEN parameter values actually vary during contrasting wet and dry periods. Daily data for the 90-year period for each of the 30 sites in the region show that there are strong positive correlations between changes in mean monthly rainfall and changes in mean daily rainfall, standard deviation of mean daily rainfall, and the probability of wet-following-dry sequences. There is little evidence to suggest ways of adjusting the skewness coefficient or wetfollowing-wet probabilities to simulate changes in mean monthly rainfall for this region.
A set of regression equations was developed to allow easy adjustment of CLIGEN parameter values (namely, mean daily rainfall amount, standard deviation of daily rainfall, and probability of wet days following a dry day) to simulate monthly rainfall change for both increasing and decreasing rainfall change scenarios for southeastern Australia and is potentially applicable in any similar regions in the world. To demonstrate the accuracy and usefulness of these equations, CLIGEN parameter values for period 1 were adjusted to simulate daily rainfall for period 2. Statistical analysis of the observed and simulated mean annual rainfall with calculated and adjusted parameter values showed that the adjustment method can be used to reproduce the observed change in rainfall, at least in the mean for the 30 sites tested. As this method of adjusting CLIGEN parameter values is largely based on an extensive statistical analysis of historical rainfall observations, it is worth noting that further testing may be required for other regions of the world, and for simulating significant changes in other aspects of rainfall in addition to the mean.
